Critical behavior of the two-dimensional order-disorder phase transition of the (2 x 2)-2H structure on Ni(ill) was studied by high-resolution low-energy electron-diffraction experiments, both for the pure system and with atomic oxygen, at concentrations between 0.3% and O'Fo of a monolayer added as an impurity. By quantitative profile analysis of several superstructure spots as a function of temperature the critical exponents P, p, and v were determined over a range in the reduced temperature, t = (T -T,)/T"between 0.001 and 0.1. At smaller values of~t~the system is finitesize limited. Crossover between four-state Potts behavior further away from T, and exponents close to those of the two-dimensional Ising class were found. The crossover temperature depends systematically on the concentration of oxygen. We conclude that oxygen atoms seem to act like quenched impurities on this surface, similar to local defects already present at concentrations of ( 10 of a monolayer on the clean surface.
I. INTRODUCTION
Although phase transitions and critical phenomena in two dimensions (2D) have attracted wide interest in the past, there is a surprising gap between experimental realizations and the wealth of theoretical investigations and modeling.
Low-dimensional systems are interesting, because fluctuations play a much more important role than in 3D, so that large deviations from mean field behavior are observed. From the experimental point of view, investigations of superstructures formed by adsorbed atoms or molecules and of their often continuous order-disorder phase transitions are very attractive, because they give access to basically all universality classes that can be experimentally reached in 2D. In particular, order-disorder phase transitions in the threeand four-state Potts universality classes can be and have been successfully studied. ' One of the main problems in these experimental studies is defects and impurities. In most experimental systems, the concentration of steps and point defects of the clean surface can hardly be reduced below the level of O. l%%uo, or, at least, it cannot be controlled. In the simplest case, finite-size effects are observed. , i.e. , long-range order and also correlations of critical fluctuations are disrupted by extended defects like steps. This limits the range over which critical behavior can be observed. In more complex situations, e.g. , if coupling of fluctuations across steps occurs, many terraces have to be considered as one system close to T, which has a lower symmetry than the flat surface. Corresponding changes of critical exponents should be expected, and have actually been observed for 0/Ru(0001)-p(2 x 2). ' The rale of a random distribution of frozen point de- fects has been studied in a variety of spin models, which, however, can only be partially mapped onto adsorbate systems. Random quenched point defects either produce a random field or a random bond effect. Whereas the random field affects different sublattices (or spin orientations) differently, random bonds do not discriminate between sublattices. An arbitrary small random field is predicted to destroy long-range order. ' ' In contrast, for Carlo studies of the Baxter and Baxter-Wu models with random quenched site impurities (both having n ) 0 for the pure systems) indeed show dramatic changes of critical exponents for the impure systems. Site disorder in fact combines aspects of random field and random bond impurities, similar to the situation for adsorbed layers containing impurities. Systematic experimental studies of the role of this type of defect, in other universality classes than the Ising class, in particular in the threeand four-state Potts classes, are still missing.
In our experimental study of the critical properties of the order-disorder phase transition of the (2 x 2) structure of atomic H on the Ni(111) surface, described below, we tried to explore the efFect of local defects, which are so strongly bound to the surface (in comparison with hydrogen) that they may act essentially as quenched defects. For this purpose, we added small concentrations of atomic oxygen to the hydrogen layer.
The phase diagram and the geometric structure of H in the ordered state are well known.
At surface temperatures above 100 K, the (2 x 2)-2H honeycomb structure (see Fig. 1 ) is the only ordered phase of adsorbed hydrogen, with a coverage of 0.5 ML for the completed structure. Both threefold coordinated (fcc and hcp) sites are occupied.
According to the Landau rules, the order- (30 -60 min) . For this reason, they can act as quenched impurities in the H layer. In this study, we try to quantify the inBuences of this type of impurities on the critical properties of the (2 x 2)-2H order-disorder phase transition. A preliminary short report of this study was published recently. disorder phase transition of this structure is expected to fall into the four-state Potts universality class, if the transition is continuous. Pure oxygen, on the other hand, is known to occupy only the fcc site at low coverage.
In an H-0 mixture part of the hydrogen sites are blocked by oxygen, no matter whether adsorption of oxygen still takes place on the same sites as in the pure layer or oxygen atoms are shifted to the other three-fold site. Bond energies are also expected to change because the interaction between H and 0 should be different from the H-H interaction. Therefore, apart from the "field" effect due to blocking of sites of a certain hydrogen sublattice, there is also a bond effect, because the interactions on all neighboring sites of an oxygen atom both between 0-H and H-H can be expected to be modified.
At the temperatures relevant for our investigation (240 -300 K) and at the oxygen coverages used (0. 003-0.03 ML), the pure oxygen system is above the ordering phase transition of the coexistence between p(2 x 2) islands and disordered 2d gas. The formation of p(2 x 2) islands at low coverage indicates that there is an attractive interaction between the 0 atoms for this distance, which will cause a tendency for small cluster formation at temperatures even considerably above the phase transition mentioned. This cluster formation seems to survive hydrogen coadsorption, as shown below. The form of the phase diagram at low coverage suggests that true equilibrium might not have been reached at coverages below 0.05 even for the pure oxygen system, because of very slow ordering kinetics, indicating considerable, although not quantifiable, activation barriers for diffusion of oxygen atoms on this surface. In contrast, hydrogen does not order at coverages below 0.4 and at temperatures above 200 K. The necessary exchange with hydrogen, i.e. , the correlated motion of both H and 0 for oxygen to diffuse, will further reduce mobility of oxygen atoms. Because of the low mobility of these (otherwise disordered) clusters of 0 atoms, which might also contain some H atoms after adsorption of half a monolayer of H, they might not II. EXPERIMENTAL AND NUMERICAL
PROC EDURES
We carried out our experiments in a p-metal shielded UHV chamber at a base pressure of 3 x 10 Pa. The sample, a nickel-disk of -20 mm in diameter and 3 mm thick, was cut from a single crystal rod by spark erosion and etched on both sides in order to remove the layers damaged by the cutting process. The surface was then oriented to within 0. 02' of the (111) direction, and polished with diamond pastes from 15 p, m grain size down to 0.25 p, m in several steps. Chemomechanical steps in between seemed to improve the final quality of the crystal surface.
The surface was first cleaned by extensive Ar+ sputtering (750 eV, 5 pA) at room temperature until no impurity could be detected by Auger electron spectroscopy. In further sputter cycles the crystal temperature was held at 560 K in order to remove carbon dissolved in surfacenear bulk regions: At this temperature bulk carbon has a large mobility and a small solubility within the crystal, so that it migrates to the surface.
Only when no carbon was detectable, the crystal was annealed for 2 min at 1000 K. Sputtering cycles were continued routinely long after no carbon was detectable any more. The clean surface used for the measurements presented here had an average terrace width of roughly 700 A. , as measured by low-energy electron difFraction (LEED) profile analysis.
The LEED measurements were carried out by means of a high-resolution instrument [SPA-LEED (Ref. 26)j with an efFective transfer width of 1200 A. . The sample could be cooled to 95 K with LN2 and heated to 1400 K by electron bo'mbardment.
During measurements only radiation heating was used. A NiCr-Ni thermocouple was spot welded to the rim of the crystal, which .allowed us to measure and stabilize the sample temperature with a resolution of 0.01 K.
H and 0 (99.999% pure) were dosed to the sample &om a capillary array. Exposures through the effusion system, were reproducible to within 0.5%. Oxygen was always preadsorbed at a sample temperature of 400 K after annealing the sputtered surface. Absolute oxygen coverages were evaluated assuming that the maximum in T, of the p(2 x 2) structure, investigated previously in the same vacuum chamber, corresponds to a coverage of 0.25, and that the sticking coefIicient is constant up to this coverage. The latter assumption has been verified by our own measurements for OQ"ygz"~0 24 ML.
Hydrogen was adsorbed at 290 K after oxygen deposition. As the hydrogen exposure necessary to reach the maximum transition temperature of the (2x2)-2H structure turned out to be slightly dependent on the amount of preadsorbed oxygen, preexperiments were carried out in order to find these exposures. Thus, we were able to reproduce these maxima to within +0.5 K. Measurements were started right at T, and the temperature difference with respect to T successively increased in order to minimize the effects of continuous hydrogen adsorption from the background gas, which causes slow variation of coverage and T . During a set of measurements within 5 K of T, we only allowed a variation of T, of less than 0.1 K.
For a maximal change in T of 0.3 K, the measuring time on the same layer was limited to about 30 min. All spot profiles were measured in two perpendicular directions in k space at each temperature.
Scans of peak intensity versus temperature were routinely taken between the profile measurements in order to ensure that T did not change. In Fig. 2 , a typical scan of peak intensity of a superstructure spot versus temperature is shown. T was taken as the point of inHection in these curves. This point should coincide with the critical point of a continuous phase transition for any instrument with finite resolution, which efFectively integrates over Huctuations close to T . From the minimum in the derivative of the data with respect to T, it was possible to determine the critical temperature to within +0.2 K [see also Fig. 2 
T was redetermined for each measurement and used to evaluate reduced temperature.
First and second order superstructure spot profiles were measured and analyzed in the radial direction, with respect to the (00) spot and in the corresponding perpendicular direction. For data analysis, three contributions to the idealized spot profiles were taken into account according to the following parametrization: This term is most easily measured above T because it is the only remaining term, apart from the background, bg, which was also fitted. yo denotes the susceptibility and ( the correlation length. For a second order phase transition, they behave like yo oc~t~~and ( oc~tM easured profiles always consist of two-dimensional convolutions of an ideal profile [Eq. (1)] and the instrumental transfer function. Because of numerical stability, we carried out numerical fits to the experimental profiles instead of trying to deconvolute them. A low temperature experimental profile of the superstructure beam was used as the instrumental function in the scan direction, whereas in the perpendicular direction, it was approximated by a Gaussian. More sophisticated procedures were tested, but turned out to have little to no inHuence on the values of critical exponents determined.
III. R,ESULTS
First and second order superstructure beam profiles were used for the analysis described below. A comparison of FWHM's (full width at half maximum) of the superstructure spots at a hydrogen coverage of 00 = 0.5 ML and at a temperature far below T with those of integral order beams shows that the widths of the superstructure beams are constant as a function of electron energy and corresponds approximately to the width of integral order beams at an out-of-phase condition. We conclude, therefore, that long-range order of hydrogen is limited to one terrace, and no correlations between different terraces exist.
Contributions corresponding to the term (ii) in Eq. (1) could only be separated for t ) -0.0015. This accessible range below T was too small to allow determination of critical exponents p' and v'. Therefore, all diagrams for yo and ( include only data points for t & 0. This finding is in agreement with simulations for continuous phase transitions in two dimensions. The (universal) amplitude ratios yo(t)~&o: yo(t)& ( ) were found to be between 30:1 and 40:1 for two-dimensional systems, depending on the universality class of the system considered. ' i On the other hand, this also means that the peak intensities for t~& 10 below T, are not influenced by contributions from critical scattering. Therefore, we tried to determine effective critical exponents from the raw data of peak intensities in this range of reduced temperatures.
Loglog plots of these data are shown in Fig. 3 versus reduced temperature, with T determined as described above.
Even for the pure hydrogen layers, we do not find simple power law behavior. There are indications for leveling off in the reduced temperature range between 10 and 10, more clearly seen in the data above T, which are most likely due to finite-size effects (see also the analysis of critical scattering below). The rest of the curve can be approximated by two straight lines, which cross at t 10 . The slopes, identified with e6'ective critical exponents of the order parameter, 2P, obtained by this construction are 2P = 0.22 for~t~) 10,and 2P = 0.30 below this value of~t~. This construction is only meaningful if indeed a crossover between two diferent regimes occurs, but contains some arbitrariness at the moment. However, as it turns out by analyzing the data above T, we obtain a similar behavior above T, if, as required for a continuous phase transition, the same T 's are used for the analyses below and above T . Variation of T within the limit of experimental uncertainties does not allow description of the data by single power laws. Simple power law behavior could only be obtained by a systematic lowering of T, for the data below T and a simultaneous increase of T, for data above T, which is obviously not meaningful.
If a change of critical properties close to T occurs, it may be caused by impurities or other local defects on the surface. In order to test this idea, we performed a series of systematic studies using atomic oxygen as impurity, which, as mentioned, was always preadsorbed. Concentrations of preadsorbed oxygen between 0.003 and 0.03 ML were tested. H and 0 do not react on this surface in the temperature range of interest here, as explicitly demonstrated by the reversibility of all measurements. Oxygen preadsorption, however, has the eKect of slightly lowering T, (see Table I ) and of systematically shifting the crossover point to higher reduced temperatures (see Fig. 3 ). It is interesting to note, that the lowest oxygen concentration tested yields essentially identical results as the pure hydrogen layer. The behavior above T, for this oxygen concentration is consistent with this finding below T,. We conclude that there must be defects or impurities present already on the clean surface, which act very much in the same way as the adsorbed oxygen atoms. Taking into account the tendency of oxygen to form small clusters in the temperature range investigated here (see below), the concentration of these defects must be of the order of 10 or below.
The trends just described as a function of temperature and oxygen precoverage were found even more pronounced above T"sothat a fully consistent picture is obtained. Only scattering from Huctuations remains in this temperature range. For these results, fitting of a convoluted function according to Eq. (1) is essential. Examples are shown in Fig. 4 . In Figs. 5 -7 we show the sequence of results for the (deconvoluted) amplitude of critical scattering and for the inverse half widths (taken as the correlation lengths), obtained as a function of increasing oxygen precoverage.
The data of the pure (2x 2) layer and those with 0.003 ML of preadsorbed oxygen virtually coincide. Therefore, only the data set without preadsorbed oxygen is shown in Fig. 5 . Data from diferent orders of superstructure spots also coincide, as do data taken in diferent scan directions on the same spot. For t ( 10,a leveling off of both critical amplitudes and correlation lengths is found again. Prom the nearly temperature independent correlation lengths in this range of reduced temperatures, this leveling can be clearly identified as a finite-size effect. The value of ( in this range of 700 -1000 A. corresponds well to the average terrace size estimated above, and is consistent with the model of independent order on each terrace. If the data for t ) 10 are again approximated by two straight lines, the data are best described by a crossover close to t = 6 x 10 and two sets of efFective critical exponents.
The values for t ) 6 x 10 can be determined more reliably. Varying T and the crossover within the limits of uncertainty, we obtain p = 1.2 + 0.1 and v = 0.68+ 0.05.
These values agree very well with those expected for a continuous phase transition in the four-state Potts universality class, i.e. , for small values of the correlation lengths, we obtain the behavior expected for a pure system with this type of unit cell for the ordered layer. Although the measured critical exponent for the order parameter of 0.11 is somewhat larger than expected Reduced Temperature FIG. 7. Same as Fig. 5 , but with 3/0 of a monolayer of preadsorbed atomic oxygen. The straight lines drawn into the data correspond to efFective critical exponents p = 1.63 and v = 1.01.
(P = 0.083 for the four-state Potts universality class ), scaling laws are well ful6lled by these exponents within experimental uncertainties. The large value of P might be an indication that logarithmic corrections to scaling play some role in this system, which were found not to be important in systems within the same universality class studied earlier. ' ' This change in behavior may not be totally unexpected, as the local structure differs [honeycomb (2 x 2) versus p(2 x 2) in the earlier studies]. Our Gndings are in full agreement with a transfer matrix calculation for the simplest model able to produce a honeycomb (2 x 2) structure close to half monolayer coverage, ss which not only found a continuous phase transition, but a value for the exponent v slightly larger than the theoretical value of 2/3. The efFective exponents determined for the intermediate range of reduced temperatures 1 x 10 & t & 6 x 10 are p = 1.7 + 0.2 and v = 1.0 6 0.1. The larger error bars are simply due to the shorter range of reduced temperature available in this case. Within uncertainties, however, the efFective critical exponents determined here coincide with those of the measurements at the highest oxygen concentration of 3% of a monolayer (see Fig. 7 ).
Here, the crossover is barely visible any more, in agreement with the data below T"which extended to larger~tw ith smaller scatter of data. The data of critical scattering at 3'%%uo oxygen precoverage, apart from the finite-size dominated. temperature range, can be described by single exponents of p = 1.68 + 0.15 and v = 1.03 + 0.08, respectively.
For the intermediate oxygen precoverage of 0.01 MI (Fig. 6) , the shift of the crossover point compared to smaller oxygen concentrations can be seen. The efI'ective critical exponents d.etermined for this oxygen concentration are fully compatible with the values just given. The results of our experiments are summarized in Table II . It shows that the efFective critical exponents of those parts dominated by the in8uence of the impurities are close to those of the Ising universality class.
IV. DISCUSSION
In this study, we were able to demonstrate the crucial role of defects for the critical behavior of an orderdisorder phase transition in two dimensions. Although strong inHuences of defects and impurities were found even on a surface as perfect as possible, the (2 x 2)-2H order-disorder phase transition is not totally dominated by defects. In the temperature range above~t~) 6 x 10 on this nominally clean surface, we were still able to identify effective critical exponents close to those of the fourstate Potts universality class. Since for the exponents p and v, in particular, corrections to scaling do not seem to be very important in adsorbed layers belonging to this universality class, so that reliable identification of these exponents was still possible experimentally in the systems 0 and S on Ru(0001) in a comparable range of reduced temperatures, ' we are confident that the orderdisorder phase transition of the pure (2 x 2)-2H structure on Ni(111) investigated here is again continuous.
Defects on this surface have several effects. First, the line defects of the terrace structure of the surface seem to interrupt long-range order, as seen both from the widths of superstructure spot profiles far below T, and from the limits of the correlation lengths, causing a typical finite-size effect. Point defects on the other hand, either those already present on the clean surface or induced by the added oxygen atoms, lead to the behavior shown in Figs. 3 -7 . It can consistently be described by two sets of effective critical exponents, apart from the rangẽ t~( 10,which is dominated by finite-size effects. We would like to stress that this analysis would be far from being unique, if carried out at only a single impurity concentration.
A crucial point in the discussion of our results is the question of residual mobility of the oxygen impurities.
If they are frozen in at least on the time scale of our experimentsthey are not in thermodynamic equilibrium with the surrounding hydrogen layer close to the critical point of the (2 x 2)-2H transition, and should produce a behavior different from that of mobile impurities, which eventually should equilibrate. Impurities at thermodynamic equilibrium have an effect similar to vacancies, i.e. , the dependence of the chemical potential on coverage, which is absent at the symmetry point of the phase diagram of the clean system, becomes important again close to T, and should lead to Fisher renormalization of the critical exponents close to t = 0, with a crossover to the nonrenormalized exponents further away from T . This behavior in the impure system can even occur at the point of maximal T, with respect to the hydrogen concentration, since the concentration of impurities is Gxed in the experiment. Fisher renormalization could lead to a behavior which is roughly similar to that observed. In case of a four-state Potts system, critical exponents should change from their ideal four-Potts value to a value three times larger close to T,: e.g. , P~i~= 3P (n also changes sign). As seen from our data, however, all changes in effective critical exponents are smaller than a factor 1.5. The effect of Fisher renormalization could still be hidden by effective crossover to the nonrenormalized exponents at small oxygen concentrations. If the increase in slope close to T, were due to Fisher renormalization, its inHuence should increase as a function of oxygen concentration. Thus, it should have become most obvious at the highest concentration of oxygen. The data close to T, however, can be well described by the same effective critical exponents for all data sets without any indication for an increase at higher oxygen concentrations. Therefore, we conclude that the behavior found is not consistent with Fisher renormalization.
In qualitative agreement with Harris' predictions for (&ozen) random bond disorder, we see a widening of the defect-inHuenced region around T . For a quantitative test of the predicted concentration dependence x (At x~) , however, more data and a wider range of accessible reduced temperatures would be needed. Data can consistently be described by values of p = 1.68+0.15 and v = 1.03 + 0.08 for the intervals in reduced temperature including the highest slope of data. While these values are very close to those expected for the Isinguniversality class (see Table II ), it is unclear at the moment, whether a true fixed point in the Ising class exists for the impure system. It is remarkable, however, that in the few simulational studies carried out in systems with random quenched impurities not belonging to the Ising-universality class, ' 3"' i.e. , for models with o. ) 0, Ising-like exponents were obtained in all cases for the impure systems. These studies included random site disorder in the Baxter and Baxter-Wu models, which both have continuous phase transitions. The latter is particularly interesting in our context, because the pure system also falls into the four-state Potts universality class, although our lattice gas type system cannot be mapped on this model. The first order phase transition of the eight-state Potts model was shown to be converted to a continuous transition by random bond impurities, in agreement with a scaling argument by Berker. Again, critical exponents of the Ising class were found. As mentioned in the Introduction, both random field and random bond efFects may play a role in the context of our experimental system. Our results show that both crossover and long-range order up to the system (= terrace) size can still be observed in the defect dominated range of reduced temperatures. A pure random bond efFect seems to be highly unlikely as an explanation for this behavior. The adsorption of oxygen on fcc sites breaks symmetry in the sense that, due to the modified interaction of oxygen with the four honeycomb sublattices of hydrogen, it divides the sublattices into two sets. The three sublattices, to which the site directly blocked by oxygen does not belong, are symmetrically equivalent with respect to oxygen on an fcc site and form one set, the remaining sublattice forms the other. Regarding this random field contribution, the average distance between the defects is evidently not the length scale on which longrange order or critical fIuctuations are destroyed. Longrange order might still be destroyed by the random field on a length scale larger than or close to our experimental system size, which is limited to one terrace wid. th. The tendency of the finite size limited value of the correlation length to decrease with increasing impurity concentration could be an indication for the breakdown of critical fIuctuations caused by the random field; the trend is not very conclusive, given the large error bars.
The role of impurities in this system is rather subtle and not fully understood at this moment. Obviously, the pure system already contains local defects, which affect the critical exponents close to T in very much the same way as the added oxygen atoms. These local defects are most likely either vacancies or other impurities like carbon atoms or clusters left over after the cleaning process. Especially vacancies cannot be mobile at the temperatures used in this study. They might also bind oxygen more strongly than the fIat surface, so that small concentrations of oxygen atoms are preferentially adsorbed at these defects already present on the surface. Note that oxygen preadsorption was carried out at 400 K, where small concentrations of oxygen are most likely mobile. Thus, no additional defects are created at the smallest concentration of oxygen investigated, and the phase transition remains unchanged by this amount of oxygen. It naturally explains the low Inobility of both the local defects just mentioned and of the oxygen atoms at very small concentrations.
The fact that oxygen forms clusters can be easily seen from the correlation lengths at the crossover points, which are far above the average separation of randomly distributed single oxygen atoms. Our parametrization of the correlation length does not necessarily yield. the actual correlation length, so that we cannot determine the actual average cluster size of oxygen clusters. It is unlikely, however, that the actual correlation length is so much smaller that it would agree with the value expected for single impurity atoms. 1A'e, therefore, conclude that small oxygen clusters are formed within the (2 x 2)-2H layer. Clusters will certainly be less mobile than single impurity atoms, so that the clusters can act as efFectively frozen impurities. Assuming that the interactions between oxygen atoms are similar for the pure and the hydrogen covered surface, (2x2) correlations prevail in these clusters so that symmetry considerations are the same for single oxygen atoms and clusters with respect to the (2 x 2) honeycomb lattice of hydrogen.
Summarizing, we have found that the order-disorder phase transition of the (2 x 2)-2H structure on Ni (111) is continuous, and yields critical exponents for the pure layers that are compatible with those of the four-state Potts universality class. Critical exponents are modified in the same way by point defects already present on the bare surface and by small amounts of preadsorbed oxygen. The range, in which modified critical exponents are observed, widens with increasing oxygen concentration. These findings suggest that both the defects on the bare surface and small clusters of oxygen atoms act as random quenched impurities within the hydrogen layer. These effects can be separated from those of extended defects like steps, which lead to finite-size rounding.
